complex of transmembrane and extracellular proteins Neuroscience Program known as the dystrophin-glycoprotein complex (DGC) University of California, San Francisco (Apel et al., 1995). The DGC is found along the sarcoSan Francisco, California 94143-0450 lemma of skeletal muscle and associates with both the cytoskeleton and the extracellular matrix. By binding rapsyn and synapse-specific proteins, such as utrophin and ␤2-syntrophin, the DGC may localize the nAChR Neurons differentially localize and cluster membrane clusters to the synapse. proteins. Spatial localization and clustering of ion chan-
. This is in stark contrast ized synaptic protein known both as PSD-95 and as to the thousand-fold lower receptor density found just SAP90. PSD-95/SAP90 and NMDA receptors colocalize micrometers away, beyond the motor endplate. Recent at putative synapses in hippocampal pyramidal cells work has shown that the NMJ-specific intracellular (Kornau et al., 1995) , supporting an in vivo association protein rapsyn participates both in clustering and in of these proteins. localizing nAChRs (reviewed by Apel and Merlie, 1995) .
Using similar techniques, Kim et al. (1995) recently Cotransfection experiments in fibroblasts have demonshowed that PSD-95/SAP90 and two related family strated that rapsyn can cluster nAChRs and that rapsyn can independently cluster dystroglycan, a member of a members, hdlg/SAP97 and clone 5, also interact with
Heterotypic Interactions with PSD-95/SAP90
PSD-95/SAP90 interacts with both NMDA receptors and Shaker-type potassium channels. The first two PDZ domains of PSD-95/SAP90 can bind NMDA receptor sub- units (Niethammer et al., 1996) . Kornau et al. (1995) All members of the PSD-95/SAP90 protein family share this domain sequence. PDZ, SH3, and yeast guanylate kinase homology (GuK) showed that PSD-95/SAP90's second PDZ domain domains are indicated.
binds the carboxy-terminal seven amino acids of specific NMDA receptor subunits. NMDA receptor subunits that interact with PSD-95/SAP90 share a similar seven several Shaker-type potassium channel subunits. Conamino acid terminal sequence; subunits missing this sistent with an in vivo association, PSD-95/SAP90 and sequence did not associate with PSD-95/SAP90. Kim Shaker-type potassium channel subunit Kv1.2 colocalet al. (1995) demonstrated that Shaker-type potassium ize to basket cell nerve terminals in the cerebellum. channel subunits can also bind both the first and the PSD-95/SAP90 Family Members second PDZ domains of PSD-95/SAP90 family mem-PSD-95 (Post-Synaptic Density protein 95 kDa) was first bers. They additionally demonstrated that the carboxyidentified as an abundant cytoskeleton-associated proterminal four amino acids of the channel subunits are tein found in the postsynaptic density fraction of rat necessary and the last 11 amino acids sufficient for synaptosomes (Cho et al., 1992) . It was independently binding to occur. Those NMDA receptor subunits that identified as SAP90 (Synapse Associated Protein 90 bind and the Shaker-type potassium channel subunits kDa) (Kistner et al., 1993) . Its developmental expression share a carboxy-terminal threonine/serine X valine appears to parallel CNS synaptogenesis. Despite its (T/SXV) motif. Kim et al. (1995) showed that site-directed name, PSD-95/SAP90 has been found in both postsynmutagenesis of these residues (T653A; V655A; V655E) aptic and presynaptic junctions.
abolished binding of Shaker-type subunit Kv1.4 to PSD-PSD-95/SAP90 is one of a family of membrane-associ-95/SAP90. Interestingly, a large number of membraneated proteins. Family members share three PDZ doassociated proteins, including many neuronal ion chanmains in their amino terminus, an SH3 domain, and a nels and synaptic receptors, share this terminal T/SXV carboxy-terminal yeast guanylate kinase (GuK) homolmotif (Kornau et al., 1995) . Candidate partners of PSDogy domain (Figure 1 ). PDZ (also known as GLGF or 95/SAP90 family members and other PDZ-containing DHR) domains are 90 amino acid repeats of previously proteins include three sodium channel ␣ subunits and unknown function. While they are found in a number of a number of G-protein coupled receptors, including the unrelated proteins, PDZ domains are named after three ␤1 adrenergic receptor and serotonin receptors 2A and of the homologous proteins that contain them: PSD-95/ 2C. Whether these putative partners do in fact bind PDZ-SAP90, Dlg (discs large), and ZO-1 (zonula occludentescontaining proteins remains to be demonstrated. 1). PSD-95/SAP90 family SH3 domains and GuK doHomotypic Interactions with PSD-95/SAP90 mains implicate these proteins in cell signaling, but this Like PSD-95/SAP90 family members, neuronal-type nihas not been demonstrated. SH3 domains are frequent tric oxide synthase (nNOS) has a PDZ domain. In addisites of protein-protein interactions. Although the function to its distribution at the sarcolemma of fast-twitch tion of the GuK homology domain is unclear, it may well skeletal muscle (see above), it is found in many neuronal be important since many lethal mutations of dlg occur cell types throughout the peripheral and central nervous in this region. Yeast guanylate kinase produces GDP systems (reviewed by Garthwaite and Boulton, 1995) . In and ADP from GMP and ATP, but there has been to the CNS, nNOS appears to modulate synaptic transmisdate no demonstration that the yeast GuK homology sion. Activation of NMDA receptors and other calciumdomains of PSD-95/SAP90 family members are catalytipermeable channels has been shown to stimulate nNOS cally active. PSD-95/SAP90 and most family members (reviewed by Garthwaite and Boulton, 1995) . Although studied can bind GMP with micromolar affinity, but they nNOS has a PDZ domain, it does not appear to directly do not appear to bind ATP tightly (Kistner et al., 1995) .
interact with the NMDA receptor (Kornau et al., 1995) . Most known PSD-95/SAP90 family members localize However, Brenman et al. (1996) demonstrate that, like at sites of cell-cell contact. The protein product of the NMDA receptors, nNOS binds PSD-95/SAP90, and interDrosophila dlg gene is found at septate junctions in acts as well with novel family member PSD-93, apparmany endothelial tissues (Woods and Bryant, 1991) and ently via PDZ-PDZ domain interactions. Supporting an at a subset of glutamatergic neuromuscular junctions in vivo association, these authors show that nNOS and (Lahey et al., 1994) . Septate junctions are thought to be PSD-95/SAP90 colocalize in neurons of embryonic rat the invertebrate equivalent of vertebrate tight junctions and immunoprecipitate as a complex from adult rat cereand function in cell-cell adhesion. dlg mutations have a bellum. nNOS binding is mediated by one of the PDZ larval phenotype characterized by cell overproliferation, domains of PSD-95/SAP90 that bind NMDA receptor loss of cell polarity, extensive loss of cell contact in subunits. The fact that nNOS has no terminal T/SXV imaginal discs, and a defective postsynaptic apparatus motif demonstrates that binding is not restricted to this at that subset of NMJs at which Dlg is expressed. ZO-1 consensus motif. Interestingly, PSD-95/SAP90 only is found at vertebrate tight junctions (Willott et al., 1993) , binds nNOS isoforms that contain a PDZ domain, sugwhich are thought to play a role both in tissue compartgesting a PDZ-PDZ homotypic interaction. Although mentalization and in maintaining the apical-basolateral NMDA receptor terminal T/SXV motifs and nNOS compolarity of epithelial cells. Other family members have pete in vitro for binding at PSD-95/SAP90's second PDZ domain, NMDA receptor subunits can independently also been identified (e.g., Brenman et al., 1996) . The tetrameric structure of the potassium channel permits interaction with multiple PSD-95/SAP90 proteins. (A) Because each Shaker-type subunit can bind PSD-95/SAP90 at either of its first two PDZ domains, one PSD-95/SAP90 molecule tethers two channels together. (B) PSD-95/SAP90 multimers aggregate with Shaker-type subunits. Note that these models are not mutually exclusive.
bind PSD-95/SAP90's first PDZ domain (Niethammer et suggests that clustering occurs because PSD-95/SAP90 intrinsically self-aggregates into a multimer that aggreal., 1996) . It is therefore unlikely that binding one molecule precludes the binding of the other. The interaction gates with other membrane proteins (Kim et al., 1995) . Since the former model requires the presence of both of PSD-95/SAP90 with both NMDA receptors and nNOS suggests that PSD-95/SAP90, perhaps as an oligomeric PDZ1 and PDZ2 domains in one PSD-95/SAP90 molecule, it predicts that a PSD-95/SAP90 protein missing complex (see below), may bind and associate these receptors with their signal transduction machinery.
either domain will not cluster Shaker subunits when cotransfected into COS7 cells. PSD-95/SAP90 may thus provide a scaffold for spatial localization of molecular cascades.
What's Next?
A number of questions remain. Because PSD-95/SAP90 Neither PSD-95/SAP90 nor PSD-93 is found in muscle, yet nNOS associates with the dystrophin-glycoprotein can bind both NMDA receptors and nNOS, it may associate these receptors with their signal transduction complex (DGC). Brenman et al. (1996) show that skeletal muscle ␣1-syntrophin, a cytoplasmic component of the machinery. Does PSD-95/SAP90 associate NMDA receptors with nNOS in vivo? The evidence for colocaliza-DGC, mediates this interaction. As with PSD-95/SAP90, it appears that PDZ-PDZ domain interactions underlie tion in neurons remains controversial (reviewed by Garthwaite and Boulton, 1995) . If so, what other molecuthe protein association.
Functional Significance of PSD-95/SAP90
lar partners do PSD-95/SAP90 and its family members colocalize, and are such associations subject to regulaBinding Shaker-Type Subunits PSD-95/SAP90's biochemical binding and colocalization? The implication that PSD-95/SAP90 associates nNOS with Shaker-type potassium channels is curious, tion with the NMDA receptor and Shaker-type subunits provide correlative evidence of a direct association in since there are no experimental data to support this. While this may be the case in vivo, it is also possible vivo. More importantly, Kim et al. (1995) showed that PSD-95/SAP90 and the Shaker-type subunits functionthat family members other than PSD-95/SAP90 are the biologically relevant ligands for nNOS and the Shakerally interact. Shaker-type channel subunits spontaneously form tetrameric, functional potassium channels in type and NMDA receptor subunits. The possibility that different PSD-95/SAP90 family members have distinct heterologous cells (Stuhmer et al., 1989) . Transfection of one channel subunit alone into COS7 cells led to a binding partners could also permit different family members to cluster these membrane proteins in different diffuse membrane distribution, while transfection of PSD-95/SAP90 alone resulted in a diffuse cytoplasmic subcellular locations. However, if PSD-95/SAP90 family members recognize a large variety of membrane prodistribution. In contrast, cotransfection of the channel subunit and PSD-95/SAP90 resulted in the formation of teins, they are unlikely, on their own, to provide the specificity needed for subcellular localization. membrane-associated, micron sized clusters comprised of both proteins. This finding shows that PSD-95/ Because heterologous clustering of receptors and ion channels may provide signaling diversity, it would be SAP90 may function to cluster Shaker-type potassium channels, and vice versa.
interesting to know whether PSD-95/SAP90 family members can bind and colocalize two distinct membrane How do the clusters form? One model (Figure 2A ) for clustering builds on the observation that both PDZ1 and proteins. For example, a G protein-coupled receptor may cluster with a channel whose properties are modu-PDZ2 domains of PSD-95/SAP90 can bind Shaker-type subunits (Kim et al., 1995) . One PSD-95/SAP90 protein lated by G proteins. It would also be interesting to determine whether PSD-95/SAP90 binding modulates the can therefore bind two different channels, and because each channel is comprised of four subunits, each chanfunction of its binding partners. How general is the observation that PSD-95/SAP90 nel can bind up to four PSD-95 molecules, resulting in the observed aggregation. Another model ( Figure 2B) functions in clustering? Although PSD-95/SAP90 can cluster Shaker-type potassium channel subunits in vitro, whether NMDA receptor subunits and nNOS are similarly influenced by PSD-95/SAP90 has yet to be demonstrated. It is noteworthy that PSD-95/SAP90 and Shakertype subunits only cluster when expressed together. This coclustering may play a role in the assembly of the synapse. While PSD-95/SAP90 appears to function in aggregating ion channels and perhaps other membraneassociated proteins, how are clusters, once formed, anchored in place? It is conceivable that PSD-95/SAP90, like the NMJ protein rapsyn, interacts with proteins that provide both cytoskeletal and extracellular matrix interactions. While we are still at an early stage in understanding the mechanisms that underlie the clustering and localization of membrane-associated proteins in neurons, the discovery of the PSD-95/SAP90 protein family opens up an exciting new direction of research. The key role of PSD-95/SAP90's PDZ domains in mediating its interactions with NMDA receptors, Shaker-type potassium channel subunits, and nNOS identifies the PDZ domain as a protein binding module. Its presence in non-neuronal proteins, such as Dlg and ZO1, may help clarify their functions.
